The operation of the Hot Electron Light Emitting and Lasing in Semiconductor Heterostructure -Vertical Cavity Surface Emitting Laser (HELLISH-VCSEL) devices is based on hot carrier transport parallel to the layers of Ga 1-
INTRODUCTION
HELLISH-VCSEL is a hot electron surface-emitting laser operating at room temperature and consisting of a HELLISH structure as the active layer of the microcavity. HELLISH is a longitudinal electron transport structure comprising of a GaAs Quantum Well (QW) located on the n side of the depletion layer of the Ga 1-x Al x As p-n junction. Details of operation of the HELLISH can be found elsewhere [1] [2] [3] [4] [5] . Briefly, the electric field applied along the layers provides heating of the electrons and holes in their respective channels in the Ga1 -x Al x As p-n junction as illustrated in Fig.1 . As the applied electric field is increased, electrons and holes in their respective channels become hot (At a given value of the electric field, electrons, with smaller effective masses and higher mobilities, are excited to higher energy levels than holes. Therefore, they have a higher non-equilibrium temperature than holes). Hot electrons are injected by mainly tunnelling into the QW resulting in the accumulation of negative charge in the depletion layer [1] [2] [3] [4] [5] . In order to preserve charge neutrality, the device self biases itself reducing the potential barrier for the holes, and hence excess holes also move into the QW by diffusion, where they recombine with the electrons. In the work presented here, we report on the experimental studies of the temperature dependent operation of the device, which is designed to operate as a vertical cavity surface-emitting laser. Fig. 2 shows the schematic diagram of the device grown by Metalorganic Vapour Phase Epitaxy (MOVPE) on a semiinsulating GaAs substrate. HELLISH forms the cavity of the HELLISH-VCSEL and is placed between the upper and lower distributed Bragg reflectors (DBRs). The lower DBR contains 27 periods of undoped Ga 1-x Al x As/AlAs layers, providing a reflectivity better than 99%, while the upper DBR has 17 periods of similar layers, in order to allow output coupling via sample surface. HELLISH-VCSEL differs from the conventional VCSELs with its carrier injection mechanism, and hence the configuration of the electrical contacts. The conventional VCSELs utilize ring contacts on the top surface. In such a configuration the current is injected through the DBRs, and light emission is from the centre of the ring contact. This can be a drawback in the VCSEL operation, because the finite resistivity of the DBR layers, leading to the excessive Joule heating and consequently to the undesired temperature shift of the cavity resonance and the gain peak. In the HELLISH-VCSEL, however, the two point contacts are diffused through all the layers, therefore, the current is injected into the active layer without passing thorough the DBR's as shown in Figs. 2 and 3 .
DEVICE STRUCTURE AND OPERATION PRINCIPLE
The Au-Ge-Ni contacts are evaporated and then diffused thorough the layers as shown in Fig. 2 . Both the n and p layers of the active region are heavily doped. Therefore, the contacts are believed to be ohmic to all the layers at the typical operation temperatures between 77 K and room temperature (300 K). If the contacts were not ohmic, then the light emission from the surface of the device would not be uniform, but concentrated in the cathode region [6] .
EXPERIMENTAL RESUTS
The device is operated in the pulse mode, where short voltage pulses with 1 µs duration were applied along the layers. The duty cycle was kept below 0.01% to avoid excessive Joule heating at high fields. Electroluminescence (EL) measurements were performed in the temperature range between 77 K and 300K. The light emission from the surface was collected, dispersed and measured with a 1/3 m monochromator and a cooled GaAs photomultiplier (PMT) assembly. The output signal from the PMT was detected using a boxcar averager. The room temperature emission is shown in The spectrum peaks at 824 nm (1.50eV), corresponding to the cavity resonance wavelength of the VCSEL. Emitted light intensity, integrated over the wavelength versus the applied electric field measurements were used to determine the threshold field at different temperatures as shown in Fig. 5 . At low applied electric fields, the emission from the device is due to spontaneous emission. When the applied field is increased and more carriers are injected into the active layer, the gain in the device equals to the losses, the device reaches the lasing threshold. At room temperature the threshold electric field is around 75 V/cm. The tendency towards saturation at 400 V/cm is probably due to Joule heating of the device, when the gain peak moves further away from the cavity resonance due to the disparity in their temperature coefficients. The threshold voltage, obtained from the integrated L -F measurements, is plotted against temperature between T = 77 K and 300 K in Fig. 6 . This curve exhibits a parabolic behaviour with a broad minimum at a temperature around 190 K ± 20 K. The parabolic behaviour can be understood in terms of the mismatch between the temperature dependences of the gain peak and the cavity resonance. Below 190 K the gain peak blue shifts with respect to the cavity resonance, while above 180 K it red shifts with respect to the cavity resonance. Both gain peak and the cavity resonance coincide at T ∼ 190 K. The temperature dependence of cavity resonance is determined by the temperature dependence of the refractive indices, while the gain spectrum follows the temperature dependence of the band gap energy. For GaAs/Ga 1-
x Al x As based devices, gain spectrum shifts at a faster rate of 0.32 -0.33 nm o C -1 [7, 8] than that of the cavity resonance (0.06 -0.09 nm o C -1 [9, 10] ). At low temperatures the cavity resonance is situated on the low energy side of the gain spectrum resulting in a higher threshold voltage or current. An increment in temperature leads to a better match to the cavity resonance and the gain peak, hence the threshold voltage decreases defining the observed minimum. As the temperature is increased further the relative positions of the cavity resonance and the gain peak move apart, and cavity resonance coincides with the high-energy tail of the gain spectrum. This results in the increased threshold voltage or current as observed [11] [12] [13] . The cavity resonance wavelength was determined using the reflectivity spectroscopy. The tunable light was provided by a 100 W tungsten lamp, dispersed by a single grating monochromator, and chopped at a frequency of 185 Hz. The reflected light from the sample surface was focused onto a silicon detector, and the detector output was measured using a lock-in amplifier. The reflectivity measurement was performed at normal incidence at room temperature. The resolution of the set up was 0.5 nm. Fig. 7 shows the reflectivity spectrum of the HELLISH-VCSEL. It is clear from the spectrum in Fig. 7 that the cavity resonance is located at 824 nm, which is in good agreement with the EL emission in Fig. 4 . The high reflectivity stop band is located between 800 nm and 870 nm. Photoluminescence measurements were also carried out as a function of pump intensity at temperatures between 19 K and 170 K. Above 170 K no lasing was observed due to the available pump power being lower than the required lasing threshold at these temperatures. In the experiments the 514.5 nm line of a cw Argon-ion laser, focused on to the device with a spherical lens, was used as the pump beam. Emission spectra measured at different pump powers is shown in Fig. 7 . It is clear from the figure that the peak emitted light intensity increases and the line width decreases with increasing pump power. The PL intensity integrated over the wavelength versus the incident pump power, measured at T = 19 K is shown in Fig. 8 . There is a well-defined optical power threshold of ∼ 300 mW, above which the light intensity increases rapidly. There is a tendency towards saturation at higher pump powers. We believe this is also due to the heating of the device as observed commonly in conventional VCSEL structures also as a result of the different temperature coefficients of the gain peak, and the cavity resonance as described in the previous section. The optical power reaching the active layer of the device will be only a fraction of the incident power, due to the absorption and reflectivity in the upper layers.
CONCLUSIONS
The temperature dependence of the threshold field for HELLISH-VCSEL is investigated. Experimental studies comprising of the measurements of the I-V characteristics, electroluminescence, reflectivity, and temperature dependent light-applied electric field (L-F) characteristics are conducted to find the optimum operating temperature of the device.
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